) and microplankton community respiration (CR, size fraction < 300 µm, 2 to 90 mg C m -3 d -1
INTRODUCTION
Studies of planktonic tropho-dynamics from an ecosystem perspective have been very popular since the 1980s. Research results derived from natural ecosystems have greatly increased our understanding of biogeochemical processes occurring within and between systems. Community respiration (CR) and primary production (PP) are the 2 opposed key processes controlling organic material cycling within any ecosystem. From a perspective of biogenic organic carbon cycling, PP represents the rate of organic carbon formation by primary producers, while CR is the sum of organic carbon consumption conducted by all living organisms, including the primary producers themselves. However, as noted in several studies, little research has been done on CR in comparison with that done on PP (Rivkin & Legendre 2001 , Smith & Kemp 2003 .
Through increasing anthropogenic activities, many coastal systems have been experiencing instances of human disturbance. One of the environmental issues associated with the operation of (nuclear) power plants is the potential thermal stress to aquatic organisms living nearby. In Taiwan, thermal effluents from nuclear power plants have resulted in 'malformed' fish (Hung et al. 1998 ) and coral bleaching (Dai 1999) . Related studies of thermal stress on planktonic activities have been conducted elsewhere, but with limited measurements. For example, Servais & Billen (1989) studied the thermal effects on primary and bacterial production, and Choi et al. (2002) worked on the influence of thermal stress on the activity of heterotrophic bacterioplankton and nanoflagellates. The system characteristic CR was not analyzed in either study. Moreover, these 2 (and most relevant) studies were conducted in temperate regions, with maximal temperatures < 30°C. The responses of planktonic activity to a thermal plume (temperatures > 30°C) remain to be explored. A study of the behavior of various plankton in a highly disturbed system might serve as a good reference point for checking many current notions regarding carbon cycling and planktonic tropho-dynamics.
Within the water column, microplankton (size < 300 µm) has been suggested to be a more important contributor to the total CR than larger (size > 300 µm) organisms (Pomeroy 1974 , Sampou & Kemp 1994 , Smith & Kemp 2001 . Of organisms < 300 µm, heterotrophic bacteria have been considered to be the major consumers of O 2 , due to their larger surface area to volume ratio. Bacterial respiration (BR) alone has been shown to contribute as much as > 70% to the total microplankton CR (Toolan 2001) . High BR values have been suggested to be the major factor determining the heterotrophic status of many coastal and even oceanic ecosystems (Smith & Hollibaugh 1993 , del Giorgio et al. 1997 , Duarte & Agusti 1998 .
In eutrophic ecosystems, many heterotrophic processes have been considered to be driven primarily by temperature on various temporal and spatial scales (Lomas et al. 2002) . It should be noted that most of our knowledge on thermal responses is based on field surveys of systems, of which the maximal annual temperature seldom exceeds 30°C. For coastal areas, 2 increasing trends seem to be inevitable. One is global warming, and the other is the upsurge of inorganic and organic loadings due to anthropogenic activities (Bauer & Druffel 1998) . This study is aimed to depict the controlling mechanisms of the seasonal variation of BR and CR in the inlet (19 to 29°C), outlet (29 to 39°C) and the warm plume outside the outlet (21 to 37°C) of a nuclear power plant, where dissolved organic carbon concentrations are high. A concomitant study of the seasonal changes of CR and BR in a eutrophic coastal ecosystem with distinct annual temperature regimes (see below) may provide valuable information for our understanding of carbon cycling today and in the future.
MATERIALS AND METHODS
Study site and sampling. Weekly samplings were conducted at the inlet (2 stations) and outlet (1 station) of Taiwan Nuclear Power Plant II (TNP-II, Fig. 1 Fig. 1 ) on each transect, which encompassed the 'warm water plume' outside the outlet. All 3 studies were conducted during the daytime within the same tidal amplitude (i.e. the ebb tide) based on the tidal table provided by the Central Weather Bureau, Taiwan. Temperatures were recorded with a SeaBird CTD (SBE 9/11+). Surface waters were sampled with 5.0 l Go-Flo bottles stored in 20 l opaque PC carboys.
Inorganic nutrients and chlorophyll a. A custommade flow injection analyzer with a detection limit of 0.15 µM was used for nitrate (NO 3 ) analysis (Gong et al. 1995) . Chlorophyll a (chl a) concentrations were measured by in vitro fluorometery (Turner Design 10-AU-005) following acetone extraction (Parsons et al. 1984) .
Particulate and dissolved organic carbon concentrations. Samples for particulate organic carbon (POC) were filtered through a Whatman 25 mm GF/F filter, wrapped in aluminum foil and then stored at -4°C. Both filters and aluminum foils were pre-combusted at for at least 10 min. Samples were analyzed by the hightemperature catalytic oxidation method with a TOC 5000 (Shimadzu). All samples were blank (20 to 25 µM) corrected and double checked with the measurements of the deep-water (~3000 m) samples taken from the South China Sea (DOC × 50 µM). Bacterial biomass, production and respiration rate. Bacterial abundance (BA) was estimated by the Acridine Orange Direct Count method (Hobbie et al. 1977) with an epi-fluorescence microscope (Axioplan 2, Zeiss). Bacterial activity was measured by 3 H-thymidine incorporation (Fuhrman & Azam 1982) . Bacterial biomass (BB) and production (BP) in C units were derived with a thymidine and a carbon conversion factor of 1.8 × 10 18 cells mol -1 (Ducklow & Carlson 1992 ) and 2 × 10 -14 g C cell -1 (Lancelot & Billen 1984) , respectively. For details of the 3 H-thymidine measurement, see Shiah et al. (2003) . In a succeeding study, F. Community respiration rate. Micro-plankton CR rates were measured by the decrease of O 2 concentrations in dark incubation. In brief, 300 µm mesh filtrates (macro zooplankton removed) were filled into triplicate opaque 2 l PC bottles. Incubation was performed at in situ temperature for 12 to 24 h. Initial and final O 2 concentrations were measured by the Shibala method (Pai et al. 1993) . A molar ratio of O 2 :CO 2 = 138:106 (Redfield et al. 1963 ) was used to convert O 2 into carbon units. Parallel comparisons between incubation in 2 l PC and 500 ml DO (dissolved oxygen) bottles (triplicates for each incubation) were performed in the first 7 wk. No significant difference between these 2 types of incubation vessels (t-test, p > 0.5) was found.
Temperature effects on community and bacterial respiration. We , respectively.
RESULTS

The inlet system
All measurements derived from the 2 inlet stations were quite similar. We used their averages to describe the seasonal variation. Temperature (T) showed strong seasonal fluctuation (18 to 29°C, Fig. 2A) , with lower and higher values appearing in winter (< 22°C, midNovember to early March of the next year) and summer (> 27°C, early June to August), respectively. Salinity (18.7 to 35.4 psu, data not shown) values were low in autumn and spring, but higher in winter and summer. NO 3 concentrations (< 0.2 to 8.5 µM) showed a negative trend with T (Table 1) . Chl a concentrations varied 20-fold (< 0.2 to 3.1 mg chl m . DOC showed no correlation with any other variables (Table 1) .
BR varied ~10-fold, ranging from 3.2 to 21.5 mg C m -3 d -1 (Fig. 2C ), and were positively correlated with T and POC (Table 1) . BB (30 to 75 mg C m -3 , Fig. 2D ) did not vary much, and showed no relationship with other measurements (Table 1) (Table 1 ). The ratios of BR/CR (Fig. 2E , 0.14 to 1.37) varied >10-fold, with an average of 0.41 ± 0.25. Note that only 2 out of 39 BR/CR data were >1.0. The BR/CR ratios were negatively correlated with POC and CR (Table 1) . Overall, with the exception of DOC, measurements recorded at the inlet showed seasonal fluctuation, with higher values appearing in summer, while NO 3 concentrations behaved negatively with regard to seasonal temperature.
The outlet system
Seasonal variations of measurements recorded at the outlet were quite similar to their counterparts at the inlet (correlation coefficient, r = + 0.64 to + 0.99, p < 0.01, n = 36 to 44), with several notable distinctions. Temperatures (28 to 39°C, Fig. 2A ) at the outlet were ca. 10°C higher than those at the inlet. Chl a concentrations (< 0.15 to 2.3 mg chl m ) were about 3-fold higher than those at the inlet. 
Transect studies
Most measurements of the 3 transect studies showed strong spatial traits. The November 2001 study is used as an example here. The highest water temperatures were always recorded at T1, which was located ~500 m outside the outlet, temperatures then decreased seaward (Fig. 3A) . The temperature difference between Stns T1 and T7 was about 8°C. Concentrations of NO 3 were high (5.1 to 5.6 µM, ) values were high, and increased seaward by 2-fold when compared with the 2 previous studies. BB (11 to 48 mg C m -3 , Fig. 3D ) in all 3 surveys increased seaward; however, NBR (0.14 to 0.86 d ) derived from the 3 studies all decreased seaward (Fig. 3E) . The ratios of BR/CR (0.10 to 0.61, Fig. 3E ) increased seaward by 6-fold, with higher values appearing in June 2002. Table 2 indicates the correlations among measured variables for the November 2001 study. The correlation matrices for the other 2 surveys were similar to that of the November 2001 study (data not shown). Note that within each survey, besides physiological effects on various measurements, the temperature pattern also indicated spatial variation and the magnitude of mixing between the background seawaters and the warm effluents from the outlet. NO 3 and DOC showed no correlation with any other measurements. Biomass variables, including chl a and BB, changed negatively with temperature. NBR, CR, NCR and POC were all positively correlated with temperature. The only exception was BR, which showed no correlation with temperature.
Short-term temperature effects on bacterial and community respiration rates
In the 3 temperature-manipulation experiments, NCR and NBR followed an Arrhenius expression. That is, these rate parameters increased with rising temperature up to > 35°C, and then decreased significantly at 45°C (Fig. 4A,B) . Temperature responses of CR and BR were the same, but are not shown. The ratios of BR/CR showed a decreasing trend when temperature rose from 20 to 30°C; however, this trend became irregular at temperatures > 30°C (Fig. 4C) . Within the temperature range of 20 to 35°C, the Q 10 (the increase of rate with a temperature increase of 10°C) values of CR and BR varied between 2.7 and 3.3. The temperature responses of NCR and NBR also showed the same trends (Table 3) .
Seasonal and spatial temperature responses of bacterial and community respiration
The rate measurements for heterotrophic processes were all positively correlated with temperature exponentially (Table 3 ). The only exception was the BR of the transect studies, which showed no correlation with temperature. Note that the slopes of ln BR vs. T curves of the inlet (0.12 ± 0.008) and outlet (0.11 ± 0.009) were almost identical (ANCOVA, p > 0.01, Table 3 ). But the intercept of the outlet (-1.83) was smaller than that of the inlet (-0.76, ANCOVA, p < 0.01, Table 3 ). After normalizing BR with BB, the slope of ln NBR vs. T of the inlet (0.13 ± 0.007) was not different from that of the outlet (0.12 ± 0.016, ANCOVA, p > 0.01), and the difference between their intercepts was significantly reduced (i.e. -4.9 vs.
-4.5). These phenomena were also applicable to the relationships of ln CR (and ln NCR) vs. T. However, the temperature response of NCR was insignificant in the June transect study. The Q 10 values for BR, CR, NBR and NCR in the field studies ranged from 1.3 to 4.5 (Table 3) .
DISCUSSION AND CONCLUSIONS
The inlet system
We observed extremely high DOC concentrations, with an annual average of > 25 g C m -3
. There are neither rivers nor a dense population in the vicinity of the TNP-II. DOC concentrations were always high, without any trend with seasonal T (and/or S), indicating a constant but unknown DOC source. The TNP-II started to operate in 1980, and foaming (the formation of white bubbles at the surface water) has been frequently reported at the inlet and outlet since then (Shiah et al. 2005) . One of the possible DOC sources may be the abandon dumping site adjacent to the TNP-II. Subsequent investigation has indicated that DOC concentrations have decreased to a range of 1.4 61 Many studies have suggested that smaller (size < 300 µm) plankton are more important than larger plankton in partitioning CR, and that BR alone might constitute > 50% of the CR in many systems (Hopkinson et al. 1989 , Blight et al. 1995 , del Giorgio et al. 1997 , Duarte & Agusti 1998 , Smith & Kemp 2001 . Since bacteria are one of the components of CR, their respiration can never exceed the CR. In field observations, there were only 4 data with BR/CR > 1.0, while the other 134 data were < 0.76 (Fig. 2E) . The grand average BR/CR ratio was 0.41 ± 0.25 at the inlet. We observed that the ratios of BR/CR decreased exponentially with increasing CR in the inlet, outlet and transect studies (Table 4 , Fig. 5 ). Note that 4 out of 5 cases showed similar slopes and intercepts; the only exception was the transect study performed in June 2002, in which the intercept and slope were 2-fold of the other cases. To date, we have not found any similar report of this. In the Chesapeake Bay, Smith & Kemp (2001) showed that the CR of the < 3 µm size fraction (i.e. R 3 ) changed positively and linearly with that of the total CR (i.e. R T ), with a slope value of 0.76 (e.g. their Fig. 2b ). This meant that the R 3 /R T ratios were constant over R T . In addition to bacteria, their < 3 µm size fraction may contain many non-bacterial plankton, including protozoans such as flagellates and small ciliates, etc. Unfortunately, Smith & Kemp (2001) did not measure BR in their research, which makes it impossible to know that whether the BR/CR vs. CR relationship observed in this study would also hold for the Chesapeake Bay.
In a parallel zooplankton study, J.-L. Chung et al. (unpubl. data) noted that the abundance of micro-zooplankton (size < 300 µm) and their grazing on chl a increased with seasonal temperature. We suspect that the non-bacterial fraction, which includes micro-zooplankton, ciliates and flagellates, might contribute more to CR during high CR (and warm) periods. This reflects the results of Cole et al. (2000) , suggesting that the change in the food-web structure could alter the dynamics of heterotrophic processes and, thus, the respiration ratio.
Our finding of this inverse BR/CR vs. CR relationship indicates that the proportion of O 2 (and organic carbon) consumed by bacteria might become less significant during either higher CR or warmer season or both. However, it must be noted that this finding was derived from systems with aberrantly high DOC and temperature; its applicability to other coastal ecosystems might be still questionable. Pomeroy et al. (1995) suggested that respiration of phytoplankton (PR) constituted a low fraction of total CR. Grande et al. (1989) indicated that PR was about 20% of PP. J.-L. Chung et al. (unpubl. data) showed that PR in the study area, on average, constituted 11% of the total CR. This leaves, at most, 50% of the total CR to protozoans (flagellates and ciliates) and other plankton with sizes < 300 µm. Robinson et al. (2002) suggested that protozoans alone might constitute 21 to 50% of the total CR in the Atlantic. Our highest estimate of non-bacterial respiration in the < 300 µm fraction in a coastal system with high organic loading is within the reported range of protozoan contribution to CR.
Temperature and biomass of living biota have been considered the 2 most important factors in determining the variation of CR in the field (Hopkinson et al. 1989, Table 4 Sampou & Kemp 1994 , Blight et al. 1995 . In a review paper, Lomas et al. (2002) showed that the Q 10 for CR in coastal and estuarine ecosystems varied from 1.2 to 9.3. Our values ranged from 3.3 to 3.4 (Table 3 ). In addition to T, CR data were also positively correlated with chl a and POC ( Table 1 ). Note that chl a was one of the components of POC. We did not perform multiple regression to analyze the combined effects of T and POC on CR, due to the auto-correlation between T and POC (Table 1, Edwards 1985) . One way to overcome this problem is to do a linear regression of T on NCR by assuming that the collected POC samples are composed of living organisms only. This method is risky, since microscopic examination showed an abundance of amorphorous debris in the POC samples, particularly at the outlet station. This was the main reason why the temperature response of ln NCR at the inlet and outlet showed low coefficients of determination (R 2 < 0.35). On the other hand, POC-normalized CR was feasible in the 3 temperature-manipulation experiments, since the same stock of seawater was used in each experiment. There, temperature responses of NCR were significant, with R 2 values > 0.96 (Table 3) .
The outlet and the plume systems
All organisms are killed via the reactor cooling processes. Before reaching the outlet, this 'boiled', coolant water is mixed with normal seawater (from the inlet) in a ~3 km pipeline. The discharged warm water is then further mixed with ambient seawater within the plume. The observed microbial activity within the outlet plume is a result of mixing dead organisms with live ones, thus an activity gradient is set up within the plume. This is supported by results showing that the chl a and BB values at the outlet were < 40% of those at the inlet. And, these 2 variables increased seaward within the warm plume as it cooled (Fig. 3B,D) . What surprised us was that the temperature responses of CR in these 2 heavily impacted systems were quite similar to those of the inlet and temperature-manipulation experiments (Table 3 ). This suggests that heterotrophic processes in this 'anthropogenically warm' system can still proceed with the same rates as those in a normal system. We found that at the outlet and the plume, NBR could still increase up to > 35°C (Table 3) without any trend of thermal inhibition, until temperatures surpassed 40°C (Fig. 4D) .
Thermal stress might act on autotrophs living in the outlet and the warm plume. Servias & Billen (1989) showed that bacteria could tolerate higher temperatures than phytoplankton near the Muse power plant. Near the Hadong power station (Korea), Choi et al. (2002) demonstrated that a temperature of 40°C inhibited BP by 23 to 69%, but had no effect on heterotrophic nanoflagellates. This indicated that larger heterotrophs might endure a higher magnitude of thermal stress than phytoplankton and bacteria. With data taken from temperature-manipulation experiments performed in the same area, Shiah et al. (2005) showed that the reduction of chl a normalized maximal primary production (i.e. P B max ) and that the initial slope occurred at temperatures > 30°C, while our NBR and NCR still maintained high values at a temperature > 35°C (Fig. 4A,B) . We suspected that the differential thermal tolerance between bacteria and other larger organisms might be one of the potential causes resulting in the inverse BR/CR ratio vs. CR (and T) relationship observed in the outlet and plume.
Implications for organic carbon cycling
The significant temperature responses of the respiration parameters during the field survey and temperature-manipulation experiments indicate that the growth of plankton was seldom limited by bottom-up (i.e. substrate supply) processes. The Q 10 value for BR recorded in the field study and the temperaturemanipulation experiments (Q 10 = 2.7 to 3.3, Table 3 ) fell within the reported range for estuarine systems (Q 10 = 1.2 to 4.0, Lomas et al. 2002, and citations therein) . In the Chesapeake Bay (Shiah & Ducklow 1995) and on the shelf of the East China Sea (Shiah et al. 2000) , the bacterial growth rates increased with temperature and reached maxima at ca. 20 to 25°C. Our data, on the other hand, showed that maximal NBR (and growth rate, too) occurred at temperatures of > 30°C. This might be due to a much more abundant supply (or higher concentrations) of labile DOC in the study area, which led to the substrate limitations on bacterial growth occurring at higher temperatures. In a parallel inlet study, Shiah et al. (2005) demonstrated that the addition of zooplankton extract (final conc., 24 g C m -3
) did not enhance bacterial growth. Their experiments suggested that in situ DOC from the study area was as labile as the dissolved organic matter from animal tissue. This provides another example of substrate-temperature interactions on bacterial growth (Pomeroy & Wiebe 2001) and, thus, respiration.
Our results might have some implications for future carbon cycling predictions. As one may note, global warming and increasing anthropogenic activities are 2 inevitable trends. Their potential impacts on the roles coastal ecosystems play as a source or sink of CO 2 have been of great concern (Smith & Hollibaugh 1993 , del Giorgio et al. 1997 , Duarte & Agusti 1998 , Williams 1998 . Our study provides evidence suggesting heterotrophic microorganisms in many coastal systems are capable of adapting to the rising temperatures and of continuing to respire organic carbon, as long as organic availability is high. It should be noted that our deduction might be immature, since global warming is a slow, gradual temperature-change phenomenon, in which microbial processes are regulated over longer temporal scales, while this study only offered evidence showing heterotrophs' immediate temperature responses in a high DOC environment.
In summary, the study system has been subjected to high loads of dissolved organic matter and high temperature (the outlet and plume), but the standing stocks and rates of many heterotrophic organisms behaved pretty much the same as in other ecosystems that receive less organic input. This suggests that a system itself might have a capacity for self-adjustment by changing its food-web structure, although most of this theory is speculative. The negative relationship between BR/CR and CR, as revealed by our results, indicates that non-bacterial organisms might be more important than bacteria in consuming organic carbon during warmer seasons, when CR levels are high. However, this phenomenon calls for more comparisons to ascertain its applicability to other systems. Positive temperature responses of heterotrophic processes are to be expected in systems where organic matter supply rates, either in the dissolved or particulate phase, exceed plankton growth requirements. Finally, similar heterotrophic Arrhenius-type expressions observed in systems with contrasting temperature regimes do suggest that the biogenic emission rate of CO 2 in most, if not all, coastal systems might keep increasing when faced with a sudden temperature rise, as long as anthropogenic organic loadings are high.
